Abstract -Presently, the modifying multilayer composite coatings have been increasingly used for upgrading performance characteristics of different products. The quality of these coatings and, consequently, efficiency of product properties modification strongly depends on the coating properties such as hardness and adhesive strength of the "coating-substrate" interface and coating interlayer boundaries. Therefore, in present paper a problem of improving accuracy of measurement and control of desired parameters of multilayer composite wear-resistant coatings is considered. An analysis of applied control methods and their quality indicators and capabilities is carried out. An approach to control the surface characteristics of products having the coatings as well as results of research of adhesion parameters and hardness of a wide range of the latest-generation multilayer composite wear-resistant coatings are presented.
Introduction
In manufacturing products with modifying coatings (for example, cutting tools, friction pairs, medical products), the measurement and control of the main coating properties like adhesive bond strength, microhardness, thickness, chemical and phase composition, surface roughness, friction factor etc. are the most important tasks of the processes used for deposition of multilayer composite coatings with desired properties and their reliability and longevity control.
For a variety of specific features of coatings as objects of control, a special approach for measuring their parameters is required. The coating is a thin film with thickness of from 10 nm to 10 µm, with high hardness of up to 9000 HV (for diamond-like coatings) being deposed to the substrate with significantly lower hardness and greater thickness. In recent years, the last generation of multilayer composite coatings with nanometricgrain structure and sub layer thickness have been developed and widely introduced in production [1, 2] . The control of the parameters of those coatings may be difficult because of the sublayers having variable hardness and the interlayer adhesion. It should be noticed that the adhesive bond strength on the "substrate-coating" interface boundaries and the interlayer adhesion as well as the microhardness a Corresponding author: a.gurkina@stankin.ru of multilayer composite coatings are the most important and highly-controlled parameters strongly influencing on the coatings longevity and performance parameters of the coated products.
In present research, in dexable inserts made of tungsten carbide VK8 (92% WC and 8% Co) with a range of multilayer composite coatings produced with the use of innovative vacuum arc deposition with ion flux filtration [3] and inserts with a standard single-layer TiN coating were used as test objects. To compare the results of the hardness measurement, inserts made of high-speed steel R6M5 (6% W, 5% Mo and 4% Cr) with the same coatings were also used. The research objective is the choice of optimum approaches to the control of adhesive bond strength and the microhardness measurement of multilayer composite wear-resistant coatings allowing highest accuracy and consistent results.
Discussion

Adhesion.Qualitative evaluation
For the consistent express evaluation of the strength of adhesive bond between coating and substrate, the test approach based on VDI-3198 standard [4] is used. According to this approach, the evaluation of the adhesive bond strength in relation to the substrate is performed by Article published by EDP Sciences the cracks around the indenter imprint (DIN 50 103 T1 3.84) and the coating delamination with consecutive assignment the adhesion strength class index. For this purpose, the acceptable strength class indexes are HF 1 -HF 4, while the HF 5 -HF 6 are unallowable. The apparent advantage of this method is its simplicity and availability. However, there are some obvious disadvantages in the VDI-3198 test approach [5] . In particular, for relatively soft coatings, the delamination from the substrate may take place without crack formation or fracture. The large imprint size (0.3-0.5 mm) does not allow using this approach to control the adhesive bond strength directly on the working surfaces of the samples. It is also noticeable that this method is not suitable for the multilayer coatings where the adhesive bond between single layers and sublayers is also present.
When the Vickers hardness machine is used instead of the Rockwell machine, the equivalent result can be obtained, however the indenter imprint size will be much smaller, and it is possible to estimate the adhesive bond between the coating layers and sublayers (Fig. 1a) .
The objective estimation of the adhesive bond strength may be performed by the spherical grinding using the CALOWEAR CAW-S-AE-000 coating-thickness gauge (Fig. 1b) . In that case, the conditions modelling the real cutting process arise. It is possible to estimate not only the adhesion between coating and substrate, but also the adhesion interaction between single coating layers.
Adhesion. Quantitative evaluation
The quantitative evaluation approaches are much more meaningful and allow not only evaluating the adhesive interaction quality but also obtaining the numeric data. The main methodology used to evaluate and measure the adhesive bond strength of the multilayer composite coating is the scratch test. The adhesive bond strength evaluation approach basing on the scratch test is used mainly for the flat surfaces with coatings, while performing research for the complex-formed samples using this method is practically impossible.
In this research, the Nanovea scratch tester was applied. The conical diamond indenter with the tip angle of 120
• and the tip radius of 100 µm is used. The load increased linearly from 0.05 N to the final value of 40 N. The scratches length is 5 mm. Delamination of local coating volumes along the scratch can be detected directly during the test, e.g. by estimation of the acoustic emission signal parameters using the piezoelectric sensor. The cracks and delamination of the coating can be registered by the out coming acoustic emission signal with the maximum amplitude. For the statistical confidence of the experimental study, each test was repeated three times.
Using the obtained graphs, two parameters were detected [6]:
1. First critical load L C1 causing the initial cracks along the scratch; Analyzing the acoustic emission signal allows evaluation of the critical (crushing) load L C2 . With increase of the normal load applied to the diamond indenter, the measured acoustic signal value grows too. During the experiment test, the friction force was also registered. Its behavior is identical to the acoustic emission signal change, i.e. it increases with the increase of the load applied.
In Figure 2a , the sample with the scratch made with the maximum load to the indenter (final segment) is shown. This image allows to observe the fragments of the multilayer Ti-TiN-(TiCrAl)N with complete delamination from the tungsten carbide substrate that is corresponding to the final stage of destruction called wedging spallation. The delamination of single layers is also observed. This wedging spallation is featured to multilayer coatings. As a comparison, the final segment of the scratch on the monolayer TiN coating looking like an uniform groove without elements of wedging spallation is shown in Figure 2b .
The parameters of acoustic emission signal when evaluating the adhesive bond strength between tungsten carbide substrate and multilayer Ti-TiN-(TiCrAl)N coating noticeably differ from ones for the monolayer TiN coating. The acoustic emission signal for the multilayer TiTiN-(TiCrAl)N coating is more complex and have more peaks caused not only by the delamination of the coating as a whole from the substrate, but also by splitting into sub layers during the test in Figure 3 .
The measurement results of the adhesive bond strength for the monolayer TiN coating and for several multilayer coatings deposed to the tungsten carbide substrate (VK8) are presented in Table 1 .
For a quantitative evaluation and measurement of the adhesive bond strength of the multilayer composite coating, a pendulum scratch test is applied [7] . In this test, the indenter tip moves along the defined trajectory (circular arc) leaving a scratch on sampling material and going deeper to the h max depth with a subsequent retract. Among other approaches used for the adhesive bond strength definition, the laser shock adhesion test (LASAT) should be mentioned. This method involves measuring size of interphase cracks arising as a result of laser shocks with laser beam power density multiplication [8] . In addition, this approach allows both qualitative and quantitative (by means of changing the delamination area depending on the laser beam power density) evaluation of the adhesive bond strength. However, this method should be additionally elaborated because it is a quite new and presently there is insufficient data amount.
Coating hardness measurement
Measuring coating hardness using traditional methods (e.g., with Vickers or Rockwell hardness tests) has some difficulties caused by the architecture and properties of the multilayer composite coatings. In particular, under a standard indenting load (5-50 g) the indentation depth is much larger than the coating depth. This means that obtained microhardness value is not the coating microhardness but certain integral hardness of substrate and coating. There are several approaches to solve this task. The first approach deals with the "substrate-coating" system as a two-phase statistical system where one phase is coating and the second one is substrate. Thus, preliminary definition of the coating thickness allows singling out the coating hardness as one component of the integral hardness of the "substrate-coating" system.
According to this approach, the following study was carried out. At first, the coating depth equal to 3±0.2 µm is defined by the spherical grinding. Next, the hardness of the substrate without coating was measured. For this purpose, the sample was placed to the standard Vickers microhardness machine with the quadrangular pyramidindenter under applied indenting load F which value is enough to produce an imprint with a diagonal of about 4 µm. After that, the coating hardness itself was defined on the following ground. The properties of the statisti- cal system where one phase is coating and another one is substrate conform to the rule of additivity, consequently:
where HV syst , HV coat and HV sub are hardness of system, coating and substrate, respectively; n is coating hardness amount in the total system hardness. This amount is equal to the ratio of area of imprint on the coating to the total area of imprint in the system. From (1) we obtain:
For thequadrangular pyramidindenter with the tip angle of 136
where h coat is coating thickness; h is total indenting depth. Geometrically,
where d is the imprint diagonal. The microhardness was measured using the Instron Wilson Hardness Group Tukon 2500 machine under the load of 1 kg. Totally five hardness tests were performed with each sample.
It should be noted that this method did not give adequate results for the multilayer coatings on the tungsten carbide and high-speed steel substrates. For instance, the hardness of the Ti-TiN-(NbZrTi)N coating on the highspeed steel R6M5 according to the obtained results is 1040 HV 1,0 while the hardness of the same coating on the tungsten carbide VK8 is 1956 HV 1,0 . Further, the hardness of the Ti-TiN-(NbZrTi)N coating carried out with the nanoindentation method is 34 GPa both for tungsten carbide and high-speed steel substrates. Thus, it is expected that the contribution of the substrate hardness to the total hardness of the system when measuring with pressing through the coating cannot be evaluated only geometrically.
Another method for the coating hardness measurement is a low force indentation (less than 0.01 N). In that case, a standard Vickers hardness machine with a load of 5-10 g is used. Indenter intrudes into the coating without pressing through it and not affecting the substrate structure. Main disadvantage of this method is a poor imprint clarity making difficult its accurate measurement. The measurement error is up to 20% does not allow considering this method as an accurate and adequate one. Besides, only a few Vickers machines can work well under such low loads.
The most accurate method for coating hardness measurement including multilayer ones is nanoindentation.
Measuring hardness of a wide range of multilayer coatings were performed with the Nano Test machine that measures a vertical movement of diamond indenter during its contact with the studied surface. The force applied to the indenter constantly grows. The force magnitude and its action time are recorded. Basing on the obtained results analysis, a retraction curve considering plasticity and elasticity of material is constructed. The Berkovich in denterisused. The load range is 0-20 mN, indentation depth is 0-200 nm. The obtained data are presented in Table 2 .
Comparing hardness of coatings on the substrates made of tungsten carbide (VK8) and high-speed steel It is important to note that all the studies were conducted at room temperature while in cutting process the cutter operates at temperatures of 700
• C and higher. At these temperatures, the change of chemical and physical properties of materials occurs, including hardness and adhesion bond. Some researchers (in particular [9] ) justify the need to control the main coating parameters at the temperatures close to the cutting temperature. To conduct corresponding studies special equipment is required, whereas even large research centers rarely can afford it. However, regarding the temperature is necessary and can be performed using special approaches.
Summary
Adhesion and hardness are most frequently controlled properties of wear-resistant coatings including the multilayer ones. There is a number of approaches for the qualitative or quantitative control of adhesion bond strength as well as different methods of the coatings hardness measurement. To control the coating adhesion bond strength with regard to the substrate, the traditional scribing of the diamond indenter with recording of the acoustic emission signal for the "substrate-coating" system is used. In addition, the methods of spherical grinding and laser shock adhesion can be applied. When estimating the adhesive properties of the multilayer coatings, it is important to take into consideration the interlayer adhesion which can be estimated either by spherical grinding (qualitative analysis) or scribing (quantitative analysis).
The obtained results afford the conclusion that the most accurate and valid method to estimate the microhardness of the "coating-substrate" system is the nanoindentation with the load not exceeding 20 mN.
The "geometrical" approach considering the "substrate-coating" system as a two-phase statistical system does not provide a fair accuracy, and neither the microhardness measurement using a standard Vickers machine with the load not exceeding 5-10 g.
